A sensitive, small-scale assay for penicillin showed the production of penicillin in sterilized but otherwise unsupplemented soils inoculated with a wild-type Penicillium chrysogenum. The same Penicillium was capable of competitively invading maize seeds equilibrated at 95 % relative humidity, and producing penicillin in the seed. Problems with gross contamination of some batches of seeds were overcome by the use of surface-sterilization.
invading maize seeds equilibrated at 95 % relative humidity, and producing penicillin in the seed. Problems with gross contamination of some batches of seeds were overcome by the use of surface-sterilization.
The hypothesis that the natural function of P-lactamase is the detoxification of penicillins has been tested by measuring the survival or growth of mixtures of micro-and magno-constitutive P-lactamase-producing Bacillus cereus in an environment containing naturally produced penicillins. The magno-constitutive strain had a clear survival advantage which was abolished or greatly reduced if minute quantities of purified P-lactamase were added, in which case the micro-constitutive seemed at a slight advantage.
I N T R O D U C T I O N
Many species of microfungus produce the antibacterial antibiotics penicillins and/or cephalosporins in vitro (see Pollock, 1967) and of these Penicillium and Aspergillus are common soil organisms (Gilman, 1957) . Many species of bacterium, including the soil organisms Bacillus cereus and Bacillus licheniformis, produce an enzyme, p-lactamase (E.C. 3.5.2.6), capable of hydrolysing and consequently inactivating these antibiotics (see Citri & Pollock, 1966) . This suggests that such antibiotics occur in the natural environment of the bacteria.
However, Saz, Lowery & Citri (1964) claimed that P-lactamase was active against a variety of small peptides and that the demonstrated activity against penicillins was only a consequence of the enzyme being a modified peptidase. These and other authors (Brock, I 966 ; Woodruff, I 966 ; Davis et al. I 968) therefore inferred that significant penicillin production is not a natural phenomenon but only occurs in laboratory cultures. The claims of Saz et al. (1964) have not been substantiated (Pollock, 1967 (Pollock, , 1968 and an attempt to demonstrate penicillin production under conditions close to those in the natural environment was thought worth while as part of an investigation to clarify the possible role of p-lactamase in Bacillus.
A number of species of Aspergillus and Penicillium are concerned in the deterioration of stored grain (reviewed by Christensen, 1957) and showed that wheat seeds buried in dry soil were rapidly invaded by such fungi; members of the Penicillium chryso- (Hill, 1970) .
Using substrates containing penicillins produced under nearly natural conditions an ecologically relevant test of P-lactamase function was devised to assess the significance of the enzyme in the ecology of a wild-type strain of Bacillus cereus, an extremely common soil micro-organism. Strain 5 was shown by Sneath (I 955) to be micro-constitutive (nomenclature of Collins et al. 1965) and to mutate spontaneously to a magno-constitutive strain, 5 /~, which grew at the same rate. Pollock (1957) demonstrated slight enzyme activity in strain 5 and showed this enzyme to be immunologically indistinguishable from that of 5 /~; the activity of strain 5 was not due to contaminating mutants of the 5 /~ type. The penicillin sensitivity of single cells of 5 /~ was 300 times less than that of strain 5.
The test was to incubate a mixed popu1ation"of Bacillus cereus 5 and 5 /~ in sand in which was buried a maize seed infested with Penicillium chrysogenum and then to measure the growth of strains 5 and 5 /~.
METHODS

Micro-orgaaisms.
The wild-types Penicillium chrysogenum NRRL 195 I and Penicillium notatum (Fleming, 1929) were maintained on Czapek Dox agar (Oxoid) and inoculated into soils or on seeds as a dusting of conidia. Bacillus subtilis ICI, Bacillus cereus 5 and 5 /~ were maintained as spores, essentially using the method of Pollock (1953).
PuriJed ,8-lactamase. Purified Bacillus licheniformis 749/c exoenzyme (specific activity about 350 u/pg, Pollock & Torriani, I 9 5 9 , prepared by a modification of Pollock's (I 965) method (Meadway, 1969 ) was a gift from Dr R. J. Meadway. A concentrated stock solution of I mg in 20 ml water was filter-sterilized through a Millipore 0.45 ,urn membrane and stored at -15" in 2 ml samples. For penicillin assays dilute stock solutions were prepared aseptically by diluting 2 ml concentrated stock with I % gelatin solution to about 103 u/ml as measured by Perret (1954) assay using benzylpenicillin as substrate. This diluted stock was divided and stored at -15', except for the working stock which was kept refrigerated for up to 4 weeks, then discarded in favour of a freshly thawed dilute stock. The frozen enzyme was stable for at least a year. For the selective advantage control experiments, concentrated stock solution was aseptically diluted with water to a concentration of about 20 u/ml and used as soon as diluted.
Sterilization. Air-dried soils, passed through a 6 mm mesh, were sterilized in lots of 50 g for 3 h at 160". Maize seeds were, when necessary, surface-sterilized by shaking them in a closed Biichner funnel with the stem inserted into a small polyethylene bottle containing fresh formalin. The whole apparatus was suspended and rocked by a motor. Seeds were treated for 16 to 24 h, then aired for 24 h in sterile Petri dishes, before being tested for germination on wet filter paper at 30". Glass and metal equipment was sterilized at 160" for at least 16 h. Whenever possible other equipment and reagents were sterilized by dry heat or autoclaving.
Moisture control. Before inoculation, seeds were equilibrated under vacuum over salt solutions for 7 days (Chen & Griffin, 1966 ) in a constant-temperature room at 2 5 O , and during incubation were maintained in plastic Petri dish bases floating on the same solutions at the same temperature. Moisture deposition on surfaces was never observed. The salt solutions were, for 95 % relative humidity (r.h.), 8.6 g NaCI, and for 98 % r.h., 3.55 g NaCl/Ioo g water (Scott, 1956 ).
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Penicillinase and ecology of soil bacilli Antibiotic assays A number of theoretical and practical considerations determine the usefulness of any antibiotic assay method for revealing ecologically significant quantities of penicillins; the cylinder-plate assay adopted here has a number of advantages (Hill, 1970) . Antibiotics so detected were identified by using controls incorporating traces of highly purified P-lactamase. The amount of purified enzyme present in an area of control agar equal to that of a 20 mm zone of inhibition (produced by approximately 0.1 i.u./ml of penicillin) would be less than I O -~ pg. Because of the specificity and activity of purified enzyme (Pollock, 1967) , zones of inhibition present on a test plate but absent on the control must have been produced by penicillin or cephalosporin. Failure to prevent zone formation on the control plate, or only a partial prevention would indicate the presence of non-penicillin toxicity.
Preparation of assayplates. One hundred ml Base agar (Oxoid) were melted, cooled to 50' and 0.05 ml 10 % gelatin and 107 spores of Bacillus subtilis added. Gelatin was incorporated so that control plates could be prepared by adding P-lactamase (diluted in aqueous gelatin) to part of the medium without introducing any new component, other than enzyme. Three ml portions of agar were evenly dispensed into 9 cm plastic Petri dishes from freshly opened bags, The plates were cooled on a level surface. Before half of the medium had been dispensed, purified p-lactamase was added to the remainder at a rate of about 2 u/ml and a set of control plates poured. Plates were either used within 30 min or stored in closed polyethylene bags under refrigeration for up to 3 days before use. The final procedure was to drop on to the agar, from a height of about 0.5 cm, 6 assay cylinders/plate. As the cylinders could not be fused to the agar great care was needed in subsequent handling to avoid jarring the plates and, despite care, leakage of samples sometimes occurred but was easily seen and the assay discarded.
Preparations of samples. A core of soil between 200 and 300 mg or a whole-seed was moistened in a test tube (of 0.75 mm wall thickness) with 0.05 M-phosphate buffer (pH 6) using 0.3 ml/soil sample and 0.6 ml/seed. The tubes were well agitated then heated in water at 80" for 90 s (soil) or 120 s (seed) before being cooled at 0'. Soils were assayed immediately after pasteurization, using wide-mouthed pipettes to transfer slurries to the assay cylinders, but seeds were left for 5 min before the supernatant liquids were assayed. Each sample was divided between an assay and a control plate. Plates were incubated at 42.5 I ' for a minimum of 4-5 h, at which time growth of the test organism was visible to the naked eye if a suitable background and illumination were used.
Estimating penicillin concentrations. Zones of inhibition were measured to the nearest mm. The external diameter of the assay cylinders was 8 mm and the minimum zone detectable with certainty 10 mm.
Since the nature of the penicillins being assayed was unknown, estimations were made in terms of benzylpenicillin equivalence using a standard curve for benzylpenicillin in phosphate buffer. No correction for the usual day-to-day variation observed with penicillin assays was applied. In all cases where a zone of inhibition was ascribed to penicillins the control on the P-lactamase plate was negative.
Test of the selective advantage of P-lactamase
Surface-sterilized maize seeds inoculated with Penicillium chrysogenum were incubated for at least 2 weeks and then any obviously uninfected or heavily contaminated seeds discarded and the remainder (90 % or more of the total) randomly divided into equal-sized test groups. One test group was assayed for penicillins. Numbered, sterile, I oz Universal 246 P. HILL bottles were used as culture vessels and to each was added 2.3 ml of an aqueous suspension of spores of the test Bacillus. One seed, as determined by prior randomization, was added to each bottle and 10 g of previously weighed, sterile sand gently tipped over the seed so that as far as possible it was well buried. These quantities of sand and water allowed all the sand to be just moist. The bottles were loosely capped and incubated at 25" for 3 or 4 days.
Enzyme control experiments. The procedure was similar to the selective advantage tests except that each seed was soaked in 1.8 ml water or aqueous solution of purified P-lactamase for 45 to 60 min and the bacterial inoculum then added in 0.5 ml water. The bottles were gently agitated and the experiment continued as for the selective advantage test.
Counts of Bacillus. After incubation, 8 ml saline were added to each bottle, which was vigorously shaken for about I min. The suspension was allowed to settle for about 30 s and portions of supernatant taken for viable counting in poured plates of Andrade agar (Kogut, Pollock & Tridgell, 1956 ); loo-fold serial dilutions were in saline. Plates were incubated overnight at 42" before counting. The occasional surface overgrowth was washed off and total colony counts made on each plate except that, where there were more than about 300 colonies per plate, numbers were estimated by visual comparison with similarly prepared plates inoculated with known numbers of organisms. Twofold discrimination in numbers was quite possible up to about zooo/plate, and above this adequate confirmatory counts were normally obtainable from the I oo-fold higher dilution. After counting, the surface of each plate was flooded with 5 ml of 10 % aqueous benzylpenicillin. The total number of magno-constitutive colonies, which turned the indicator agar red, were then counted. It was difficult to obtain accurate counts of magno-constitutive colonies if these were more than about 25 % of a few hundred colonies, because the whole plate soon turned red. If the Ioo-fold higher dilution was not suitable the number of magno-constitutives colonies was estimated. In all cases of doubt, counts of magno-constitutive colonies were under-rather than over-estimated.
Materials. Benzylpenicillin was a gift from Glaxo Ltd, Greenford, Middlesex. Porcelain assay cylinders were purchased from J. McIntyre, Burslem, Staffordshire, and sand, purified by acid, from BDH Chemicals Ltd, Poole, Dorset.
Substrates. Maize seeds, variety Golden Bantam, were obtained locally and soils originated from various parts of S.E. and Central Scotland.
RESULTS
The production of penicillins on natural substrates Growth of penicillia in soils. Penicillium chrysogenum was inoculated into sterile Blyth Bridge soil moistened with 23 ml water/50 g soil. Mycelium was visible after about 2 days and conidia a few days later. On other soils, growth was generally more restricted and a comparison of penicillin production on various soils is detailed in Table I .
The small amount of surviving fungus in pasteurized samples showed no visible growth at 42" (within 6 days). The remote possibility that any non-reproducing mycelium might form penicillin was excluded by the following experiment. Cultures of Penicillium chrysogemm in soil were processed for assay and after cooling were mixed. Part of this pooled material was supplemented with nutrients to one-third the concentration in the assay agar. The assay of unsupplemented material was completed immediately, but the supplemented material was incubated, part at 25" and part at 42O, before samples were assayed, after 40 and 165 min incubation. There was no evidence of penicillin production in the material held at 25O, and at 42" there was slight (20 %) loss of penicillin activity, presumably result-Penicillinase and ecology of soil bacilli 247 ing from instability of the antibiotic. Other similar but less exhaustive control experiments confirmed that the penicillins produced were not an artifact of the assay procedure. The production of detectable penicillin concentrations only after visible growth of the fungus shows that penicillins can be produced by a wild-type Penicillium chrysogenum growing on sterilized soil, but the extent of accumulation varied. Because of the buffer addition to soil samples the assayed concentrations (Table I) may be multiplied by about 5 to give an estimate of the average concentrations in soil water, which were between 0.06 and 0.09 i.u./ml. Penicillin accumulation by Penicillium notatum could not be demonstrated. Not surprisingly it was impossible to obtain visible growth of penicillia on non-sterilized unsupplemented soil (see Brian, 1957) .
Growth of penicillia on maize seeds. During this phase of the work occasional assays of non-sterilized seeds were discarded because their controls indicated the presence of other antibiotics. The production of penicillins on non-sterilized seeds equilibrated to 95 % r.h. and then inoculated with Penicillium chrysogenum was followed (Expt I , Table 2 ). The validity of assays on unfiltered samples was confirmed by filtering a few sample extracts through 0-2 pm membranes, before assay. Since the efficiency of extraction of penicillins from P. HILL (15) 2 (12) -Insufficient data; % of 5 /~ less than 0.2 % cannot be estimated accurately.
seeds is unknown, the figures in Table 2 represent minimum quantities, and, in the absence of data on distribution within seeds, estimates of local concentrations are impossible. The growth of P. chrysogenum was patchy and other fungi were present.
Attempts to set up further seeds for testing /3-lactamase function in Bacillus generally failed in that penicillin production could not be consistently shown, the seeds being usually heavily overgrown by other fungi. This variation may result from differing batches of seed. Therefore to reduce competition from seed-borne fungi, seeds were surface-sterilized before being inoculated with Penicillium (Expt 2, Table 2 ) and incubated at 98 % r.h. As observed previously (e.g. Koehler, 1939, unsterilized seeds were overgrown by other fungi at this r.h.
Growth of Penicillium chrysogenum at 98 % r.h. was slightly faster than that observed at 95 % r.h. The viability of seeds after surface-sterilization was variable, probably because sterilization was at an uncontrolled ambient temperature. The data on penicillin accumulation obtained from sterilized and unsterilized groups of seeds were usually not markedly different, although the levels in sterilized seeds were sometimes higher. These increased levels may have resulted from the reduced competition from indigenous seed fungi or from growth at 98 % rather than 95 % r.h. The proportion of initially non-viable seeds does not obviously affect the levels of penicillin produced.
The selective advantage of p-lactamase Validity of the counting method for Bacillus. Varying quantities of a 100: I mixture of 5 : 5 /~ spores were counted in deep agar plates as described in Methods. With up to 2000 colonies/plate recognition of 5/B colonies was 100 %, at 5ooo/plate it was 50 % and at Io,ooo/plate only 20 %. In very few cases were data from plates of more than 2000 colonies required, so that detection of 5/B was satisfactory. However, these results show that proportions of 5 /~ less than 0-2 % cannot be properly differentiated, and between 0.5 % and 0.2 % accuracy is not high. In general, the methods employed do not allow the reliable discrimination of proportions of 5/B differing by less than two-to threefold except when the proportion of 5 /~ is above about 50 %. Results from two experimentshave beencombined. For the first, seeds of the same batch as in Table  3 were used (but after 21 days of incubation, penicillin assays Table 2 ) and for the second, surfacesterilized seeds of 35 % viability were used 14 days after incubation. Enzyme additions were 31 u (first experiment) and 39 u/seed. The inoculum was as C , Response of various mixtures of Bacillus cereus. Penicillin assays on the seeds showed the presence of penicillins as expected. The growth responses observed were quite variable. Table 3 shows the composition of test populations at the end of the experiment, and the large selection exerted in favour of 5 /~ is at once apparent. A second experiment also compared inocula D and E using a different batch of seed. Combining these experiments 8 out of 11 seeds with inoculum D showed selection for 5 /~ but only 3 out of I I with E. Also evident, but not shown in the Table, was a reduction in the number of strains 5 and 5 /~ (compared with the inoculated number) in 5 out of the 11 seeds with mixture E. These observations suggest that conditions for selective growth occurred in only part of the test environment, and this can be explained by the heterogeneity of the experimental system, which would allow changes in antibiotic and nutrient gradients.
In Table 3 are shown mean numbers of Bacillus found for each seed inoculated with mixtures A to E. Maximum growth occurred with intermediate-sized inocula; similar results were obtained when the growth of 5 /~ rather than total growth was compared (not shown in the Table) . This observation can be explained by two assumptions : first, there is limitation of growth of 5 /~ in the presence of small quantities of penicillins and, second, the traces of p-lactamase produced by 5 are partly able to relieve this limitation, the extent of relief being arfunction of the number of strain 5 inoculated. At the highest inoculum of strain 5, growth of 5 /~ was restricted, perhaps because of the large numbers of initially competing, but eventually dying, penicillin-sensitive cells. A similar situation appears in the enzyme control experiments.
In general, a high selection for 5/B is associated with a substantial increase in numbers but two exceptions may be noted. With one seed inoculated with A a very high selection for On: Thu, 13 Dec 2018 21:56:07
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5 /~ (0.01 % + 36 %) occurred despite a reduction in total numbers, and with one seed inoculated with C there was selection for strain 5 with an increase in total number.
Enzyme control experiments. In Table 4 are summarized results from two experiments to determine whether the selective advantage of 5 /~ was a function of P-lactamase production. The following deductions can be drawn:
(I) in the absence of added enzyme very strong selection in favour of 5 /~ occurred; (2) in the presence of added enzyme this selection was essentially abolished and, particularly in the first experiment, selection for strain 5 occurred; (3) the total numbers of bacteria were larger in the presence of added enzyme suggesting that in its absence some restriction of the population occurred. This is consistent with the occurrence of four samples in each experiment which, in the absence of added enzyme, showed a drop in total numbers, whereas no such samples were found when added enzyme was present. Seeds with added enzyme had a mean of 25 x 106 more bacteria, which at a dry weight of log/mg is 25 pg, but the weight of enzyme added was only about 0.1 pg.
The overgrowth of 5/B by strain 5, in the presence of added enzyme, was unexpected since Sneath (1955) was unable to show overgrowth in aerated broth at 30' . In an attempt to simulate the conditions of the selection tests, the growth of a mixed inoculum of 5 /~ and strain 5 was followed on daily serial subculture in a I to 20 dilution of peptone broth ('S' broth, Pollock, 1953) using 25 ml in IOO ml flasks, static at 25". Duplicate experiments showed a change from an initial 44 % 5 /~ to 13-7 and 4-4 % 5 /~ after 3 days, there being a decrease in the proportion of 5 /~ each day. It is difficult to know whether the reasons for this overgrowth of 5 , and that detected in the selection tests, are the same.
DISCUSSION
The experimental conditions used here to investigate penicillin production and the selective advantage of Bacillus cereus strains were chosen in the light of conditions known or assumed to be of ecological importance (Hill, I970), although they were not strictly equivalent to those operating in the natural environment. Because of the heterogeneity of the substrates used it is inevitable that these experimental systems should produce somewhat variable results.
The production of penicillins under these laboratory conditions suggests the existence, in nature, of environments capable of supporting penicillin production by indigenous penicillia.
Surface-sterilization of seeds appeared to increase penicillin yields and reduced seed viability. Both of these effects are considered irrelevant in the Bacillus cereus selection tests because (a) a wide range of penicillin levels was found with both sterilized and non-sterilized seed and (b) showed that fungal invasion caused a 90 % loss of viability of wheat seeds buried in soil for 2 weeks at 95 % r.h. Although the selection tests may have increased the magnitude of the advantage possessed by strain 5/B, because greater growth occurred than might be expected in soil, they nevertheless provide a good qualitative indication of events that might occur naturally.
Because the selective advantage of strain 5 /~ was reduced by traces of highly purified P-lactamase (from another species) it is most unlikely that this advantage depends upon anything but P-lactamase, whose only known biological activity is the destruction of penicillins or cephalosporins. It may therefore be concluded that naturally occurring penicillins or cephalosporins have been one of the factors responsible for /3-lactamase evolution in these soil bacteria.
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